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EXPERIMENTAL  STUDY  OF  VORTEX  AND  AERODYNAMIC 
CHARACTERISTICS  OF  STACK  WINGS  WITH  SIDESLIP 

Bao  Guohua 

Northwest  Industrial  University 

Abstract:  The  paper  reports  on  an  experimental  study  of 
stack  wings  with  small  aspect  ratio,  and  describes  the  variation 
of  detached  vortex  system  at  the  aircraft  wing  leading  edge  with 
different  aspect  ratios.  The  influence  on  aerodynamic 
characteristics  due  to  vortex  twisting  and  bursting  is  analyzed. 
As  revealed  in  the  study,  sideslip  delays  the  vortex  twisting  at 
the  upstream  side  of  the  aircraft  wing.  The  vortex  bursts  early. 
At  the  downward  side,  the  phenomena  are  exactly  in  reverse. 

During  sideslip,  bursting  of  an  asymmetrical  vortex  has  an 
obvious  influence  on  the  aerodynamic  characteristics. 

Keywords:  vortex,  sideslip,  stack  wing,  experiment. 

I .  Introduction 

After  an  airstream  passes  a  long  slender  wing,  the  airstream 
separates  along  the  leading  edge  of  the  aircraft  wing  and  forms  a 
detached  leading-edge  vortex  on  the  wing  surface.  Induction  of 
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the  leading-edge  vortex  makes  the  characteristics  of  wing  lift 
nonlinear.  Most  modern  fighters  adopt  stack  wings  in  order  to 
utilize  the  beneficial  interference  of  the  leading-edge  vortex  to 
improve  aircraft  maneuverability  characteristics.  Much  research 
was  done  on  this  point  in  China  and  abroad.  As  revealed  in 
experiments,  there  are  two  leading-edge  vortices  on  each  half¬ 
wing  at  small  angles  of  attack;  these  vortices  originate, 
respectively,  from  the  wing  apex  and  the  leading-edge  angle  of 
deflection  (briefly  referred  to  as  the  front  vortex  and  the  rear 
vortex).  The  front  and  rear  vortices  twist  into  each  other  and 
burst;  this  phenomenon  strongly  influences  the  wing's  aerodynamic 
characteristics.  When  sideslip  is  present,  as  the  leading-edge 
vortex  is  asymmetrical,  it  moves  toward  the  lateral  direction  and 
bursts;  this  will  have  a  significant  effect  on  the  aerodynamic 
characteristics  of  the  wing,  and  especially  its  lateral 
characteristics . 

This  paper  summarizes  the  experimental  results  of  pressure 
measurements,  oil  flow,  and  spatial  flowfield,  provides  the 
variation  of  states  of  the  leading-edge  vortex  system  of  stack 
wing  for  different  aspect  ratios,  and  analyzes  the  effect  on 
aerodynamic  characteristics  due  to  vortex  twisting  and  bursting 
when  there  is  sideslip.  Thus,  useful  data  are  provided  for 
computing  aerodynamic  characteristics  of  flight  vehicles. 

III.  Experimental  equipment 

Experiments  on  force  measurements,  pressure  measurements, 
space  flowfield,  and  oil  flow  were  conducted  at  a  low-speed  wind 
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tunnel  in  the  Institute  of  Fluid  Mechanics  of  Brunswick 
University.  The  diameter  of  the  experimental  section  of  the  wind 
tunnel  is  1.3m;  the  wind  speed  was  40m/s,  with  a  Reynolds  number 
of  1.3xl06.  By  using  a  micro  type  probe  and  a  coordinate 
instrument,  the  space  flowfield  was  measured;  the  measurement 
plane  was  perpendicular  to  the  incident  flow  stream.  Spacing 
between  measurement  points  was  5  percent  of  the  wingspan;  the 
spacing  was  appropriately  shortened  near  the  vortex  zone.  In  the 
oil  flow  experiments,  a  mixture  of  titanium  oxide,  vegetable  oil, 
and  acetic  acid  was  used.  During  the  experiments,  a  vortex 
detector  was  employed  to  qualitatively  detect  the  positions  of 
the  vortex  axis  and  the  bursting  point. 

The  stream  display  was  carried  out  at  a  water  tunnel  at  the 
institute;  the  experimental  section  dimensions  were  0.25mx0.33m; 
the  flow  speed  was  0.2m/s;  and  the  Reynolds  number  was  2.5xl04. 
Blue  ink  was  the  display  agent. 

The  experimental  model  was  a  plate  stack  wing,  as  shown  in 
Fig.  1.  Holes  for  pressure  measurements  were  at  the  locations 
0.75  and  0.875  times  the  root  chord  from  the  apex  of  the  aircraft 
wing. 

III.  Experimental  Results 

1.  Aircraft  with  aspect  ratio  2.05 

Fig.  2  shows  the  states  of  the  vortex  system  at  both  sides 
of  the  aircraft  wing  for  different  angles  of  attack  and  sideslip 
angles  by  integrating  the  flow  display,  space  flowfield,  and 
pressure  measurements  as  found  experimentally.  At  small  sideslip 


angles,  the  vortex  system  on  the  wing  surface  can  be  obviously 
divided  into  three  zones.  At  small  angles  of  attack,  both  sides 
of  the  wing  surface  are,  respectively,  two  separated  vortices. 


Fig.  1.  Model 


KEY:  a  -  Aspect  ratio  b  -  Wing  tunnel 
model,  in  mm  c  -  Water  tunnel  model, 
in  mm 


At  increasing  angles  of  attack,  the  intensities  of  the  front  and 
rear  vortices  become  higher;  induction  between  the  two  vortices 
grows;  the  front  and  the  rear  vortices  twist  and  merge  on  the 
wing  surface.  When  the  angle  of  attack  is  greater  than  a  certain 
value  (related  to  sideslip  angle),  the  twisted  vortex  bursts  at 
the  wing  surface.  Sideslip  reduces  the  effective  sweptback  angle 
at  the  upstream  side  of  the  wing.  The  spacing  between  the  front 
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vortex  and  rear  vortex  becomes  larger;  the  twisting  between  the 
two  vortices  is  delayed  but  the  twisted  vortex  is  easy  to  burst. 
The  phenomena  are  exactly  the  reverse  at  the  downstream  side.  At 
large  sideslip  angles,  the  wing  surface  vortex  system  is 
relatively  complex.  At  the  upstream  side,  the  intensities  of  the 
front  vortex  and  rear  vortex  further  weaken;  before  the  two 
vortices  twist,  the  rear  vortex  is  the  first  to  burst.  However, 
at  larger  angles  of  attack,  both  vortices  twist  first  before 
bursting.  At  the  downstream  side,  since  the  front  vortex  is 
further  from  the  wing  surface,  these  two  vortices  do  not  twist. 
When  the  angle  of  attack  is  very  large,  the  rear  vortex  and  the 
front  vortex  successively  burst  on  the  wing  surface. 


Fig.  2.  Vortex  system  for  stack  wing 
with  aspect  ratio  2.05 

KEY:  a  -  Downstream  side  b  -  Upstream 
side  c  -  Bursting  of  rear  vortex 
at  the  downstream  edge  d  -  Bursting 
of  front  vortex  at  the  downstream  edge 
e  -  Bursting  of  twisted  vortex  at 
downstream  edge  f  -  Twisting  of 
vortices  at  the  trailing  edge 


Fig.  3  shows  the  variation  curves  of  coefficients  of  lift, 
dip  and  elevation  moments,  as  well  as  rolling  moment  for 
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^  =12° ,  16° ,  and  30° .  The  hatched  lines  in  the  figure  show  the 
influence  of  vortex  twisting  and  bursting  corresponding  to 
Fig.  2.  When  the  angle  of  attack  is  12°  and  the  sideslip  angle 
is  5°,  two  vortices  at  the  upstream  side  of  the  wing  just  twist 
at  the  trailing  edge.  With  an  increase  in  the  sideslip  angle, 
the  twisted  vortex  again  separates  on  the  wing  surface;  the 
influence  range  of  the  vortex  becomes  greater;  and  a  positive 
additional  lift  is  obtained  by  the  wing.  Based  on  the 
functioning  position  of  the  additional  lift,  the  aircraft  wing 
receives  the  additional  pitch-down  moment  and  a  negative 
additional  rolling  moment.  When  the  angle  of  attack  is  12°  and 
the  sideslip  angle  is  13° ,  the  twisted  vortex  at  the  downstream 
side  of  the  aircraft  wing  again  separates  into  two  vortices. 

Since  the  front  vortex  is  farther  from  the  wing  surface,  the 
influence  of  the  vortex  near  the  trailing  edge  at  the  downstream 
side  becomes  weaker;  the  wing  receives  a  negative  additional 
lift,  a  pitch-up  additional  moment,  and  a  negative  additional 
rolling  moment.  At  the  angle  of  attack  16°  and  sideslip  angle 
7.5°,  the  twisted  vortex  at  the  upstream  of  the  wing  bursts  at 
the  trailing  edge.  With  an  increase  in  sideslip  angle,  the 
bursting  point  of  the  vortex  moves  upstream;  the  influence  of  the 
vortex  near  the  trailing  edge  of  the  upstream  side  weakens. 

Thus,  the  aircraft  wing  receives  a  negative  additional  lift,  a 
pitch-up  additional  moment,  and  a  positive  rolling  moment.  At 
the  angle  of  attack  16°  and  sideslip  angle  16°,  with  increase  in 
sideslip  angle,  the  vortex  system  varies  at  the  downstream  side 
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of  the  aircraft  wing  and  the  aerodynamic  forces  also  vary;  these 
variations  are  similar  to  the  case  at  angle  of  attack  12°  and 
sideslip  angl.  13° .  At  angle  of  attack  30°  and  sideslip  angle 
4  •  the  twisted  vortex  at  the  downstream  of  the  aircraft  wing 

O 

bursts  at  the  trailing  edge.  With  increase  in  sideslip  angle, 
the  vortex  bursting  point  moves  downstream;  the  influence  of  the 
vortex  near  the  trailing  edge  at  the  downstream  side  becomes 
stronger.  Thus,  the  aircraft  wing  receives  a  positive  additional 
lift,  a  pitch-down  additional  moment,  and  a  positive  additional 
rolling  moment.  At  angle  of  attack  30°  and  sideslip  angle  12°, 
variations  in  the  vortex  system  and  in  the  aerodynamic  forces  at 
the  downstream  of  the  aircraft  wing  are  analogous  to  the  case  of 
angle  of  attack  12°  and  sideslip  angle  13° .  From  Fig.  3,  the 
vortex  twisting  or  separation  have  a  weaker  Influence  on 
aerodynamic  characteristics;  however,  vortex  bursting  has  a 
stronger  influence  on  the  aerodynamic  characteristics. 


o  10  5  ?o  io  t  » 


a)  'rh  *>>  WWtie  c> 

Fig.  3.  Aerodynamic  characteristics  of  stack  wing  with  aspect 
ratio  2.05 

LEGEND:  a  -  Lift  b  -  Pitch-down  and  pitch-up  moments 
c  -  Rolling  moment 
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2.  Aircraft  wings  at  aspect  ratio  1.31  and  3.01 

Figs.  4  and  5  show  the  states  of  the  vortex  system  at 
different  angles  of  attack  and  different  sideslip  angles  for 
wings  at  aspect  ratios  1.31  and  3.01.  After  comparison  with 
Fig.  2,  at  increasing  aspect  ratios,  the  spacing  between  the 
front  vortex  and  the  rear  vortex  becomes  greater;  the  intensity 
of  the  rear  vortex  weakens.  The  trend  toward  twisting  of  the  two 
vortices  weakens,  but  the  vortices  burst  easily.  Therefore,  the 
nontwisting  zone  on  the  wing  surface  for  the  two  vortices 
expands;  two  vortices  twist  but  the  zone  in  which  the  vortices  do 
not  yet  burst  shrinks,  but  the  vortex  bursting  zone  grows  larger. 
At  higher  aspect  ratios,  variations  in  vortex  system  states 
becomes  complex.  Noteworthy  is  the  situation  near  the  0° 
sideslip  angle  for  the  aircraft  wing  with  aspect  ratio  3.01. 

When  the  angle  of  attack  is  in  the  vicinity  of  7° ,  the  rear 
vortex  has  already  burst  at  the  trailing  edge.  With  a  further 
increase  in  the  angle  of  attack  to  approximately  11° ,  the  rear 
vortex  is  again  restored  to  the  state  of  not  bursting.  This  is 
possibly  due  to  the  fact  that  there  is  increased  induction  on  the 
rear  vortex  at  increasing  angles  of  attack  and  intensifying  front 
vortex. 

IV.  Results 

The  article  summarizes  the  experimental  results  of  force  and 
pressure  measurements  of  stack  wings,  as  well  as  the  flow 
display.  The  vortex  system  states  of  a  sideslip  stack  wing  with 
different  aspect  ratios  are  given;  the  influence  on  the 
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aerodynamic  characteristics  of  the  aircraft  wing  due  to  vortex 


twisting  and  vortex  bursting  are 
the  following. 


a  b 

Fig.  4.  Vortex  system  for  stack 

wing  with  aspect  ratio  1.31 

KEY:  a  -  Downstream  side 

b  -  Upstream  side  c  -  Vortex 

bursting  at  trailing  edge 

d  -  Vortex  twisting  at  trailing 

edge 


analyzed.  The  results  indicate 


20  10  0  10  ft’  20 


aR«b 

Fig.  5.  Vortex  system  of 
stack  wing  of  aspect  ratio 
3.01 

KEY:  a  -  Downstream  side 
b  -  Upstream  side 
c  -  Bursting  of  rear  vortex 
at  trailing  edge 
d  -  Bursting  of  front  vor- 
text  at  leading  edge 
e  -  Bursting  of  twisted 
vortex  at  trailing  edge 
f  -  Twisting  of  vortex  at 
trailing  edge 


1.  The  planform  of  the  aircraft  wing  has  a  considerable 
influence  on  the  state  of  the  vortex  system.  Without  varying  the 
stack  shape  and  at  higher  aspect  ratios,  the  shape  of  the  vortex 
system  on  the  wing  surface  grows  in  complexity;  vortices  are  not 
easy  to  twist,  but  a  twisted  vortex  bursts  readily. 

2.  At  increasing  sideslip  angles,  vortex  twisting  at  the 
upstream  side  of  the  aircraft  wing  is  delayed;  the  vortex  bursts 
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easily.  The  phenomena  at  the  downstream  are  exactly  the  reverse. 


3.  Vortex  bursting  has  a  stronger  influence  on  aerodynamic 
characteristics;  the  influence  due  to  vortex  twisting  is  weaker. 

The  first  draft  of  the  paper  was  received  on  23  November 
1987;  the  revised  draft  was  received  for  publication  on  28 
January  1988. 
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